Abstract: This paper proposes an inductive power transfer (IPT) system with three-bridge switching compensation topology. With the proposed IPT topology, the equivalent circuit and the resonant condition are analyzed to achieve the load-independent constant current (CC) and load-independent constant voltage (CV) outputs. On this basis, multiple power levels can be achieved under CC/CV conditions by bridge arm switching, which makes it possible to complete charging tasks for multiple power level electric vehicles (EV) without switching the IPT system. A circuit simulation was built to verify the different power level switching effects of the structure. A 3.3 kW IPT system was designed to verify the proposed structure. At the rated output power, the experimental efficiency was up to 92.04% and 91.21% in CC and CV output modes, respectively.
Introduction
The IPT (inductive power transfer) technology uses a loosely coupled transformer (LCT) structure with primary and secondary coils to achieve non-contact energy transfer. Due to the safety, stability, and lower maintenance cost of this structure, IPT systems are receiving more and more attention and research in many fields, such as consumer electrics, biomedical implants, and electric vehicles (EVs) [1] [2] [3] . As shown in Figure 1 , an IPT system mainly consists of five parts: Highfrequency inverter, loosely coupled transformer with primary and secondary coils, primary and secondary compensation networks, rectifier, and battery load. The existence of an air gap between the primary and secondary coils of the IPT system will lead to large leakage inductance. In order to improve the system efficiency and power transfer capability, the compensation network will be used to resonate with the leakage inductance [4] . The four basic topologies (series-series, series-parallel, parallel-series, and parallel-parallel) are the most widely The existence of an air gap between the primary and secondary coils of the IPT system will lead to large leakage inductance. In order to improve the system efficiency and power transfer capability, the compensation network will be used to resonate with the leakage inductance [4] . The four basic topologies (series-series, series-parallel, parallel-series, and parallel-parallel) are the most widely studied, and the SS (series-series) topology is one of the most widely used topologies due to its simple structure and primary capacitance that is independent of the variation of the coupling coefficient [5] [6] [7] .
As lithium batteries are the main load batteries in the field of electric vehicles, the research on the charging characteristics of lithium batteries is of great significance for the design of IPT systems [8] .
The typical charging process of the lithium battery for EVs is shown in Figure 2 . From Figure 2 , the charging state could be divided into two steps: Constant current (CC) mode and constant voltage (CV) mode [9] . In CC mode, the current is constant and the voltage gradually rises. When the voltage rises to the rated value, it will become stable and the current will gradually decrease until the state of charge ends [10] .
2 of 12 studied, and the SS (series-series) topology is one of the most widely used topologies due to its simple structure and primary capacitance that is independent of the variation of the coupling coefficient [5] [6] [7] .
As lithium batteries are the main load batteries in the field of electric vehicles, the research on the charging characteristics of lithium batteries is of great significance for the design of IPT systems [8] . The typical charging process of the lithium battery for EVs is shown in Figure 2 . From Figure 2 , the charging state could be divided into two steps: Constant current (CC) mode and constant voltage (CV) mode [9] . In CC mode, the current is constant and the voltage gradually rises. When the voltage rises to the rated value, it will become stable and the current will gradually decrease until the state of charge ends [10] . In order to obtain load-independent CC/CV transmission characteristics, there are currently three main methods: A back-end DC/DC converter, variable operating frequency control, and special tuning methods for resonant tank network in IPT systems. However, adding a DC/DC converter not only increases the cost, but also introduces additional inevitable losses. The method involving changing switching-frequency increases the complexity of system control and reduces system stability due to frequency bifurcation [11] [12] [13] . In J. Lu's paper [14] , the resonant conditions for obtaining CC/CV transmission characteristics by T-equivalence and pi-equivalence are introduced in detail. Using this method, the load-independent CC/CV transmission condition of many typical compensation networks can be analyzed easily.
In addition, different charging objects have different charging power level requirements in CC/CV mode [15, 16] . For example, the charging power level applied to a bus and a car by the IPT system must be different. The traditional IPT systems only perform charging tasks for a fixed power level, which necessarily has certain limitations [17, 18] . To meet multi-power level charging flexibility in CC/CV mode, this paper adopted a threebridge arm switching concept to perform different modes conversion under constant frequency. Switching from CC to CV mode was achieved by designing two SS compensation networks with the same compensating components on the secondary side, and the primary side compensating components were transformed by switching the working bridge arm. One of the SS compensation networks was designed for the CC transmission mode while the other was designed for the CV transmission mode. Since the voltage gain and transconductance in both CC and CV modes can be specified by parameter design, the specific value of the output power can also be obtained, which means that the structure can achieve two different power-level charging. This paper establishes a mathematical model of system output power in CC/CV mode and illustrates the designability of different power level outputs. The resonance conditions of the CC and CV modes were analyzed by the leakage inductance model. The verification of theoretical analysis was completed by establishing an IPT system under MATLAB/Simulink. Furthermore, an experiment platform was built to verify the simulation results. In order to obtain load-independent CC/CV transmission characteristics, there are currently three main methods: A back-end DC/DC converter, variable operating frequency control, and special tuning methods for resonant tank network in IPT systems. However, adding a DC/DC converter not only increases the cost, but also introduces additional inevitable losses. The method involving changing switching-frequency increases the complexity of system control and reduces system stability due to frequency bifurcation [11] [12] [13] . In J. Lu's paper [14] , the resonant conditions for obtaining CC/CV transmission characteristics by T-equivalence and pi-equivalence are introduced in detail. Using this method, the load-independent CC/CV transmission condition of many typical compensation networks can be analyzed easily.
System Structure and Analysis

System Structure
In addition, different charging objects have different charging power level requirements in CC/CV mode [15, 16] . For example, the charging power level applied to a bus and a car by the IPT system must be different. The traditional IPT systems only perform charging tasks for a fixed power level, which necessarily has certain limitations [17, 18] . To meet multi-power level charging flexibility in CC/CV mode, this paper adopted a three-bridge arm switching concept to perform different modes conversion under constant frequency. Switching from CC to CV mode was achieved by designing two SS compensation networks with the same compensating components on the secondary side, and the primary side compensating components were transformed by switching the working bridge arm. One of the SS compensation networks was designed for the CC transmission mode while the other was designed for the CV transmission mode. Since the voltage gain and transconductance in both CC and CV modes can be specified by parameter design, the specific value of the output power can also be obtained, which means that the structure can achieve two different power-level charging. This paper establishes a mathematical model of system output power in CC/CV mode and illustrates the designability of different power level outputs. The resonance conditions of the CC and CV modes were analyzed by the leakage inductance model. The verification of theoretical analysis was completed by establishing an IPT system under MATLAB/Simulink. Furthermore, an experiment platform was built to verify the simulation results. 
System Structure and Analysis
System Structure
As shown in Figure 3 , the proposed IPT system includes a three-phase inverter, two SS compensation topologies with a shared secondary compensation capacitor, a three-winding loosely coupled transformer with two primary coils and one secondary coil, and an uncontrolled rectifier with a capacitor output filter. Q 1 -Q 6 and D 1 -D 4 represent six switching power devices of the primary side inverter and four diodes of the secondary side rectifier, respectively. C p1 and C p2 are the primary compensation capacitors, while C s is the secondary compensation capacitor. L p1 and L p2 represent the self-inductance of the two transmitting coils on the primary side, and L s represents the self-inductance of the receiving coil. M p1p2 , M p1s , and M p2s represent the mutual inductance between L p1 and L p2 , L p1 and L s , and L p2 and L s , respectively. U DC and U L are system input and output DC voltages, respectively. R L represents battery load.
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As shown in Figure 3 , the proposed IPT system includes a three-phase inverter, two SS compensation topologies with a shared secondary compensation capacitor, a three-winding loosely coupled transformer with two primary coils and one secondary coil, and an uncontrolled rectifier with a capacitor output filter. Q1-Q6 and D1-D4 represent six switching power devices of the primary side inverter and four diodes of the secondary side rectifier, respectively. Cp1 and Cp2 are the primary compensation capacitors, while Cs is the secondary compensation capacitor. Lp1 and Lp2 represent the self-inductance of the two transmitting coils on the primary side, and Ls represents the self-inductance of the receiving coil. Mp1p2, Mp1s, and Mp2s represent the mutual inductance between Lp1 and Lp2, Lp1 and Ls, and Lp2 and Ls, respectively. UDC and UL are system input and output DC voltages, respectively. RL represents battery load. 
CC Mode
The equivalent circuit of Figure 3 for achieving CC output mode is shown in Figures 4 and 5 . The system structure shown in Figure 4 was designed to get CC charging mode. This means the power devices Q5 and Q6 are OFF all the time in this mode, and Q1-Q4 form a single-phase full-bridge inverter. Actually, Figure 4 shows a SS-compensated IPT system. The FHA (fundamental harmonics analysis) method was taken in this paper to simplify the analysis of the output characteristics. In this case, the output voltage of the inverter UAB and the equivalent ac load Req are derived as
The equivalent model of the SS resonant circuit with reference to the primary side is shown in Figure 5 . The symbols " ' " means that the equivalence was measured from the secondary side to the primary side. Lkp1 and L ' ks means the leakage-inductance of the primary and secondary coil, respectively, and Lm1 represents the magnetizing inductance. Lkp1 and Cp1 are equivalent to capacitor Ceq1. C ' S shows the equivalent capacitance of the secondary side compensation capacitance converted to the primary side. R ' eq indicates that the equivalent resistance was converted from the secondary side to the primary side. ZRcc, Zm1, and Zincc represent the impedance. 
The equivalent circuit of Figure 3 for achieving CC output mode is shown in Figures 4 and 5. The system structure shown in Figure 4 was designed to get CC charging mode. This means the power devices Q 5 and Q 6 are OFF all the time in this mode, and Q 1 -Q 4 form a single-phase full-bridge inverter. Actually, Figure 4 shows a SS-compensated IPT system. The FHA (fundamental harmonics analysis) method was taken in this paper to simplify the analysis of the output characteristics. In this case, the output voltage of the inverter U AB and the equivalent ac load R eq are derived as
The equivalent model of the SS resonant circuit with reference to the primary side is shown in Figure 5 . The symbols " ' " means that the equivalence was measured from the secondary side to the primary side. L kp1 and L ' ks means the leakage-inductance of the primary and secondary coil, respectively, and L m1 represents the magnetizing inductance. L kp1 and C p1 are equivalent to capacitor C eq1 . C ' S shows the equivalent capacitance of the secondary side compensation capacitance converted to the primary side. R ' eq indicates that the equivalent resistance was converted from the secondary side to the primary side. Z Rcc , Z m1 , and Z incc represent the impedance.
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CC Mode
The equivalent circuit of Figure 3 for achieving CC output mode is shown in Figures 4 and 5 . The system structure shown in Figure 4 was designed to get CC charging mode. This means the power devices Q5 and Q6 are OFF all the time in this mode, and Q1-Q4 form a single-phase full-bridge inverter. Actually, Figure 4 shows a SS-compensated IPT system. The FHA (fundamental harmonics analysis) method was taken in this paper to simplify the analysis of the output characteristics. In this case, the output voltage of the inverter UAB and the equivalent ac load Req are derived as 
The equivalent model of the SS resonant circuit with reference to the primary side is shown in Figure 5 . The symbols " ' " means that the equivalence was measured from the secondary side to the primary side. Lkp1 and L ' ks means the leakage-inductance of the primary and secondary coil, respectively, and Lm1 represents the magnetizing inductance. Lkp1 and Cp1 are equivalent to capacitor Ceq1. C ' S shows the equivalent capacitance of the secondary side compensation capacitance converted to the primary side. R ' eq indicates that the equivalent resistance was converted from the secondary side to the primary side. ZRcc, Zm1, and Zincc represent the impedance. Some of the parameters are shown in the following formula, such as turns ratio, ncc, and coupling coefficient, kcc,
The equivalent variables of Figure 5 are expressed as:
(1 )
In order to achieve CC output, the following resonant conditions [19] are designed. 
where ωcc represents the resonant frequency in CC transmission mode.
Then, the voltage gain of the resonant network shown in Figure 5 can be expressed as
The DC voltage transfer ratio is derived as
Therefore, the system output voltage and output current under the CC mode can be characterized as Some of the parameters are shown in the following formula, such as turns ratio, n cc , and coupling coefficient,
In order to achieve CC output, the following resonant conditions [19] are designed.
where ω cc represents the resonant frequency in CC transmission mode.
Therefore, the system output voltage and output current under the CC mode can be characterized as
Moreover, the system output power of the CC mode is available.
From Equation (8), it can be seen that the output current was constant and load independent.
Electronics
CV Mode
The equivalent circuit of CV mode in IPT system is shown in Figures 6 and 7 . In this mode, the power devices Q 1 and Q 2 are OFF all the time, and Q 3 -Q 6 form a single-phase full-bridge inverter. Furthermore, Figure 6 is modeled as Figure 7 based on the FHA method. It can be seen that Figure 7 is essentially a T-circuit. In this case, the output voltage of the inverter U BC is derived as
The equivalent circuit of CV mode in IPT system is shown in Figures 6 and 7 . In this mode, the power devices Q1 and Q2 are OFF all the time, and Q3-Q6 form a single-phase full-bridge inverter. Furthermore, Figure 6 is modeled as Figure 7 based on the FHA method. It can be seen that Figure 7 is essentially a T-circuit. In this case, the output voltage of the inverter UBC is derived as The turns ratio of secondary to primary side and the coupling coefficient are defined as
As shown in Figure 7 , the equivalent variables are derived as Moreover, the system output power of the CC mode is available.
As shown in Figure 7 , the equivalent variables are derived as The turns ratio of secondary to primary side and the coupling coefficient are defined as
As shown in Figure 7 , the equivalent variables are derived as
According to J. Lu's paper [19] , the resonance condition for realizing CV output is given by
where ω cv represents the resonant frequency in CV transmission mode. Then, the voltage gain of the resonant network shown in Figure 7 can be expressed as
According to Equation (10), the DC voltage transfer ratio is derived as
Therefore, the system output voltage and output current under the CV mode can be characterized as
Moreover, the system output power of the CV mode is available.
From Equation (16), it can be seen that the output voltage is constant and load independent.
Combining the theoretical analysis of the above-two transmission modes, it could be known that the three-bridge inverter structure could realize the conversion from CC mode to CV mode by switching the working bridge arm under the fixed-frequency.
Combining the Equations (9) and (18) , it can be seen that the output power of both CC mode and CV mode is related to the load resistance R L , and the specific output powers in CC and CV modes can be obtained by designing the rated load resistance at the switching time. Combined with the parameter design, the CC/CV working mode was switched by changing the bridge arm, and different power level outputs were also completed. Therefore, the structure can achieve different power level switching based on CC/CV conditions.
Simulation and Experiment
Parameter Design
The LCT model parameters based on CC/CV transmission mode selected in this paper were obtained through Maxwell. Figure 8 shows the specific model dimensions of the LCT structure. The transmission coils and the corresponding ferrites were square structures, the side length of the primary side was 250 mm, the side length of the auxiliary section was 330 mm, and the air gap between the primary and secondary coils was 110 mm. To facilitate the parameter design process, both the primary and secondary self-inductance of LCT were designed to be equal, that is, the value of the turns-ratio n was 1. Through the finite element simulation of the LCT structure, the specific parameter values of the LCT were obtained as shown in Table 1 .
transmission coils and the corresponding ferrites were square structures, the side length of the primary side was 250 mm, the side length of the auxiliary section was 330 mm, and the air gap between the primary and secondary coils was 110 mm. To facilitate the parameter design process, both the primary and secondary self-inductance of LCT were designed to be equal, that is, the value of the turns-ratio n was 1. Through the finite element simulation of the LCT structure, the specific parameter values of the LCT were obtained as shown in Table 1 . According to Equation (4), the primary compensation capacitor in the CC mode is calculated as
By using Equations (11) and (12), it was found that the SS topology primary compensation capacitor, Cp2, in the CV mode and the fixed secondary compensation capacitor, Cs, could be obtained separately. 
Parameters Value
120 µH The resonance frequency f cc /f cv 85 kHz The system output power (P) 3.3 kW
According to Equation (4), the primary compensation capacitor in the CC mode is calculated as
By using Equations (11) and (12), it was found that the SS topology primary compensation capacitor, C p2 , in the CV mode and the fixed secondary compensation capacitor, C s , could be obtained separately.
(20)
Simulation Results
Through the parameter design of the previous section, the simulation verification based on transconductance and voltage gain was completed. Figure 9 shows the transconductance versus system operating frequency for various load resistances. It can be seen that the transconductance was independent of the load when the IPT system operated at 85 kHz. Figure 10 shows the AC voltage gain versus system operating frequency for various load resistances. It can be seen that the voltage gain was independent of the load when the IPT system operated at 85 kHz.
Through the parameter design of the previous section, the simulation verification based on transconductance and voltage gain was completed. Figure 9 shows the transconductance versus system operating frequency for various load resistances. It can be seen that the transconductance was independent of the load when the IPT system operated at 85 kHz. Figure 10 shows the AC voltage gain versus system operating frequency for various load resistances. It can be seen that the voltage gain was independent of the load when the IPT system operated at 85 kHz. According to the previous analysis, by determining the rated load resistance, RL, at the time of switching, two different output powers were realized while switching from CC to CV mode. In order to prove the previous analysis, a three-bridge switching IPT system circuit under MATLAB/Simulink was built. The simulation results are shown in Figure 11 . From the previous mathematical model of the output power of CC/CV mode, it can be known that the output power of CC/CV mode is different except for the specific load resistance (The specific load resistance value can be calculated when P1 is equal to P2). Figure 11a shows that the bridge arm switching process did not change the system output power under the specific load resistance condition as described above, and the IPT system had a system output power of 3.3 kW in both CC and CV modes. Figure 11b shows that under other rated load resistance condition, the bridge arm switching process changed the system output power from 2.8 to 3.9 kW.
The time (t1) in Figure 11 represents the switching load resistance under the CC mode condition, in which the current changed by 0.5 A. The time (t2) in Figure 11 represents the switching of the working arm so that the system was switched from the CC mode to the CV mode. The time (t3) in Figure 11 represents the switching load resistance under the CV mode condition. It can be seen from transconductance and voltage gain was completed. Figure 9 shows the transconductance versus system operating frequency for various load resistances. It can be seen that the transconductance was independent of the load when the IPT system operated at 85 kHz. Figure 10 According to the previous analysis, by determining the rated load resistance, RL, at the time of switching, two different output powers were realized while switching from CC to CV mode. In order to prove the previous analysis, a three-bridge switching IPT system circuit under MATLAB/Simulink was built. The simulation results are shown in Figure 11 . From the previous mathematical model of the output power of CC/CV mode, it can be known that the output power of CC/CV mode is different except for the specific load resistance (The specific load resistance value can be calculated when P1 is equal to P2). Figure 11a shows that the bridge arm switching process did not change the system output power under the specific load resistance condition as described above, and the IPT system had a system output power of 3.3 kW in both CC and CV modes. Figure 11b shows that under other rated load resistance condition, the bridge arm switching process changed the system output power from 2.8 to 3.9 kW.
The time (t1) in Figure 11 represents the switching load resistance under the CC mode condition, in which the current changed by 0.5 A. The time (t2) in Figure 11 represents the switching of the working arm so that the system was switched from the CC mode to the CV mode. The time (t3) in Figure 11 represents the switching load resistance under the CV mode condition. It can be seen from According to the previous analysis, by determining the rated load resistance, R L , at the time of switching, two different output powers were realized while switching from CC to CV mode. In order to prove the previous analysis, a three-bridge switching IPT system circuit under MATLAB/Simulink was built. The simulation results are shown in Figure 11 . From the previous mathematical model of the output power of CC/CV mode, it can be known that the output power of CC/CV mode is different except for the specific load resistance (The specific load resistance value can be calculated when P1 is equal to P2). Figure 11a shows that the bridge arm switching process did not change the system output power under the specific load resistance condition as described above, and the IPT system had a system output power of 3.3 kW in both CC and CV modes. Figure 11b shows that under other rated load resistance condition, the bridge arm switching process changed the system output power from 2.8 to 3.9 kW.
The time (t1) in Figure 11 represents the switching load resistance under the CC mode condition, in which the current changed by 0.5 A. The time (t2) in Figure 11 represents the switching of the working arm so that the system was switched from the CC mode to the CV mode. The time (t3) in Figure 11 represents the switching load resistance under the CV mode condition. It can be seen from the simulation results that the CC-to-CV mode switching was realized by changing the working arm, and two specific system output powers in CC/CV mode were also obtained.
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Experimental Results
Combined with the previous analysis, this paper established a 3.3 kW experimental platform as shown in Figure 12 . The CC and CV transmission modes were realized by two SS topologies based on different combined bridge arms at 85 kHz. 
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Experimental Results
Combined with the previous analysis, this paper established a 3.3 kW experimental platform as shown in Figure 12 . The CC and CV transmission modes were realized by two SS topologies based on different combined bridge arms at 85 kHz. The Figure 13a shows the system working in CC mode, u AB represents the inverter output voltage, i AB represents the inverter output current, and u gs represents the drive voltage of the switching tube. The Figure 13b shows the system working in CV mode, u BC represents the inverter output voltage, i BC represents the inverter output current, and u gs represents the drive voltage of the switching tube. It can be seen that Zero Voltage Switch (ZVS ) was implemented in the CV mode of the system, and there were ZVS trends in the CC mode. The Figure 13a shows the system working in CC mode, uAB represents the inverter output voltage, iAB represents the inverter output current, and ugs represents the drive voltage of the switching tube. The Figure 13b shows the system working in CV mode, uBC represents the inverter output voltage, iBC represents the inverter output current, and ugs represents the drive voltage of the switching tube. It can be seen that Zero Voltage Switch (ZVS ) was implemented in the CV mode of the system, and there were ZVS trends in the CC mode. As shown in Figure 14a , the load was switched from half to full at tcc1 and then back to half at tcc2. As shown in Figure 14b , the load was switched from half to full at tcv1 and then back to half at tcv2. According to the experimental results of the system output voltage and current in Figure 14 , the validity of the previous analysis with the CC/CV transmission characteristics can be verified. Figure 15 shows the experimental efficiencies of the three-bridge IPT system versus different output powers. It can be seen that in a certain range, the system efficiency was increasing with the output power in both CC and CV mode. In addition, the system efficiencies at rated output power were 92.04% and 91.21% in CC and CV mode, respectively. As shown in Figure 14a , the load was switched from half to full at t cc1 and then back to half at t cc2 . As shown in Figure 14b , the load was switched from half to full at t cv1 and then back to half at t cv2 . According to the experimental results of the system output voltage and current in Figure 14 , the validity of the previous analysis with the CC/CV transmission characteristics can be verified. The Figure 13a shows the system working in CC mode, uAB represents the inverter output voltage, iAB represents the inverter output current, and ugs represents the drive voltage of the switching tube. The Figure 13b shows the system working in CV mode, uBC represents the inverter output voltage, iBC represents the inverter output current, and ugs represents the drive voltage of the switching tube. It can be seen that Zero Voltage Switch (ZVS ) was implemented in the CV mode of the system, and there were ZVS trends in the CC mode. As shown in Figure 14a , the load was switched from half to full at tcc1 and then back to half at tcc2. As shown in Figure 14b , the load was switched from half to full at tcv1 and then back to half at tcv2. According to the experimental results of the system output voltage and current in Figure 14 , the validity of the previous analysis with the CC/CV transmission characteristics can be verified. Figure 15 shows the experimental efficiencies of the three-bridge IPT system versus different output powers. It can be seen that in a certain range, the system efficiency was increasing with the output power in both CC and CV mode. In addition, the system efficiencies at rated output power were 92.04% and 91.21% in CC and CV mode, respectively. Figure 15 shows the experimental efficiencies of the three-bridge IPT system versus different output powers. It can be seen that in a certain range, the system efficiency was increasing with the output power in both CC and CV mode. In addition, the system efficiencies at rated output power were 92.04% and 91.21% in CC and CV mode, respectively.
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